Interaction between phage P22 and phenol-water extracted lipopolysaccharides from sensitive Salmonella bacteria belonging to serogroups A, B and D1 results in hydrolysis of the ~-L-rhamnosyl linkages within the tetrasaccharide repeating unit of the O-antigenic polysaccharide chain. These O-antigens have identical structures except for the nature of the 3,6-dideoxy-hexosyl group linked to 0-3 of the D-mannosyl residue. Removal of the dideoxysugar, or periodate oxidation followed by borohydride reduction of the L-rhamnosyl residue made the O chain resistant to the endo-rhamnosidase. Substitution of the D-galactosyl residue at 0-4, but not at 0-6, with an ~-p-glucosyl group was compatible with hydrolysis. A number of Klebsiella pneumoniae and Shigella flexneri lipo-or capsular polysaccharides containing chain L-rhamnosyl residues were tested but none was sensitive to the P22 endo-rhamnosidase. The substrate specificity of the endorhamnosidase parallels the lytic specificity of the phage which suggests that the initial step in phage P22 infection is a P22 tail enzyme O-antigen substrate interaction. The main product of the hydrolysate was octa-, dodeca-and hexadecasaccharides. Treatment of phage FO resistant smooth strains of S. typhimurium with P22 tails removed O polysaccharide chains and made previously 'hidden' FO receptors accessible to the phage.
Own strain collection inactivated the P22 phage, which demonstrated that the LPS is the receptor for P22 (Lindberg & Holme, I969) . It was subsequently shown that the phage, or isolated tails from it, destroyed phage binding sites in S. typhimurium (Israel et al. 1972 ) by hydrolysis of L-rhamnosyl linkages in the O chain (Iwashita & Kanegasaki, I973; Lindberg, 1973) . We recently reported the influence of varying ionic, pH, temperature and time conditions on the hydrolytic activity of phage P22 and isolated tail parts (Eriksson & Lindberg, I977) .
In this paper we report on the substrate specificity of the phage P22 endo-rhamnosidase by studying the interaction between the phage and various lipo-and capsular polysaccharides of known structures from Salmonella, Shigella flexneri and Klebsiella pneumoniae. The accessibility of the FO phage receptors in smooth FO resistant mutants of Salmonella typhimurium before and after incubation with P22 tail parts was also investigated.
METHODS
Bacterial strains. The strains used are listed in Table : . Preparation of bacteriophage stocks. Phage P22c2 was grown in submerged culture on Salmonella typhimurium SL 696 and phage FO on S. typhimurium SL Io27. Log phase cells (approx. 5 × los cells/ml) grown at 37 °C in Marvin's medium (Marvin & Schaller, I966) were infected at a multiplicity of infection (m.o.i.) of 1.5 to 3. The culture was aerated for a further 6 h or until evident lysis had occurred, whereafter complete lysis of cells was imposed by the addition of a few ml of chloroform.
Cell debris was sedimented by low speed centrifugation at 2ooog for 2o min at 4 °C. Polyethylene glycol (average mol.wt. 6ooo) and sodium chloride were dissolved in the supernatant to give final concentrations of 8 % (w/v) and o'5 M, respectively (Yamamoto & Alberts, :97o). After 24 h at 4 °C aggregated phage was collected by centrifugation at 4ooo g for 2o rain at 4 °C. The phage pellet was resuspended in M-9 base medium (Adams, 959) to approx. 1/loo of the original vol. and PEG was removed by repeated precipitation with chloroform and low speed centrifugations. The resulting phage stocks had titres of 5 × ~o :2 to 5 x io :~ p.f.u./ml, as assayed by the soft agar layer technique (Adams, 1959) .
Preparation of bacteriophage P22 tails. Phage P22 tails were prepared by growing the mutant P22 el am NII4, HIoz (with amber mutations in head protein and lysis gene functions) on the non-permissive strain S. typhimurium SL 4o49 as described before (Eriksson & Lindberg, I977) . The pooled and concentrated tail preparation contained approx, r × IO 5 p.f.u./ml. The tail titre, as determined by a serum blocking power experiment, was approx.
I × Io :° tail equivalents/ml. Phage FO plating efficiency experiments. The bacterial strains, grown to mid-log phase and suspended at a cell concentration of I × I@ cells/ml in phosphate buffered saline (PBS) with t mM-KCN, were mixed with P22 tails in a ratio of 2o tail equivalents/cell and incubated at 37 °C for 2 h. Thereafter phage FO was added, m.o.i, o'5, and the mixture incubated at 37 °C for to rain. Anti-phage FO serum was then added to inactive non-adsorbed FO phage and the mixture was subsequently diluted in PBS and titrated for FO phage infective centres on S. typhimurium SL IO27 using the soft agar technique.
Preparation of lipopolysaccharides. Each culture was started from a single colony, which was tested for nutritional characters, phage sensitivity and O-antigen specificity. The bacteria were grown in submerged culture and LPS extracted by phenol-water from formaldehydekilled bacteria (Lindberg & Holme, I972 ) . The micellar aggregate of LPS was rendered more soluble by subjecting the LPS to alkali-treatment which splits phosphate bonds and fatty acid ester linkages in the lipid A moiety. The LPS was dissolved in o-I 5 M-NaOH and heated to Ioo °C for 2 h. The dialysed and lyophilized preparation (alk-LPS) contained < 2 % of RNA as estimated by absorption at 26o nm. The LPS from S. typhimurium SH 48o9
was also dissolved in 1% aqueous acetic acid and heated to IOO °C for I h. This treatment hydrolyses the 2-keto-3-deoxy-D-manno-octulosonic acid (KDO) linkages between the saccharide moiety and lipid A. This preparation will be referred to as HOAc-PS. By increasing the concentration of acetic acid to 5o ~o and heating at 9o °C for 8 h, abequose was also hydrolysed from the O polysaccharide chain. Sugar and methylation analyses of the dialysed and lyophilized preparation revealed the presence of the methyl ethers of o-mannose, L-rhamnose and D-galactose in the expected ratios.
The periodate oxidation of S. typhimurium SH 4809 LPS was performed by treating the LPS 0"7 g) in the dark with o-2 M-sodium metaperiodate at pH 3"9 for 7 days at 4 °C. Excess periodate was destroyed by addition of ethylene glycol. The solution was neutralized and dialysed overnight against distilled water, concentrated by evaporation under reduced pressure and sodium borohydride (12 g) was added. After 2 h at room temperature excess borohydride was decomposed by addition of 50 % acetic acid, and the solution was dialysed against distilled water and lyophilized. The result of the oxidation was checked by sugar analysis.
Lipopolysaccharide from KIebsiella pneumoniae Orz [strain OIz:K8o (7o8) ] and the capsular polysaccharides (CPS) from K. pneumoniae K5z (strain 5759/5o) and K47 (strain 9682) were the same as used earlier (Bj6rndal et al. 1973a, b; Erbing et al. I977) .
Phage P22 hydrolysis of Salmonella typhimurium SH 4809 LPS fraetion. Phage P22 and LPS or CPS preparations were mixed in a ratio of 5 x Io 1° p.f.u./mglsaccharide, in 5 mMammonium carbonate buffer, pH 7"o, at 37 °C, and incubated for IZ h, After sedimentation of phage by centrifugation (7oooo g for I h) the supernatant was concentrated and applied to a Bio-Gel P4 column (2oo to 4oo mesh, 2.6 x 9o cm) eluted with water. The flow rate was lO ml/h and the fraction vol. 5 ml. The fractions were individually assayed for carbohydrate content by the phenol-sulphuric acid method (Nowotny, r969) .
Sugar analysis. The method used was essentially as described earlier (Sawardeker et al. 1965) . Samples were hydrolysed in o'25 M-sulphuric acid at IOO °C overnight. After reduction with sodium borohydride and acetylation the samples were analysed by gas-liquid chromatography (g.l.c.) using a Perkin-Elmer model 99o instrument fitted with a glass column (I8O x o'15 cm) containing 3 % OV-225 on Gas Chrom Q (lOO/tZO mesh). The sugars were identified by their retention times and quantified using arabinose as an internal standard. Peak areas were determined using a Hewlett-Packard 337o-B electronic integrator.
Methylation analysis. The analyses were performed as described earlier (Lindberg, I97Z) .
After methylation and subsequent work-up the materials were hydrolysed. The resulting monosaccharides were transformed into alditol acetates and analysed by g.l.c, and mass spectrometry. For g.l.c, the same instrumentation as described above was used. For g.l.c.- Antiserum production. Antiserum against phages P22 and FO were raised by intravenous immunization of three New Zealand white rabbits for each phage with approx. Io 12 p.f.u. twice weekly for 3 weeks. Serum was collected I week after the last injection and pooled. The phage neutralization capacity of sera were determined according to Adams 0959).
RESULTS

Phage Pee hydrolysis' of Salmonella typhimurium SH 4809 LPS fraction
Salmonella typhimurium SH 48o9 LPS was hydrolysed by phage P22 into dialysable oligosaccharides. Gel filtration showed that most of the material was still found in the void volume (Fig. I) . Approx. one third was, however, incIuded and the fractions were pooIed (A, B and C), lyophilized and subjected to methylation analysis.
Previous investigations have established that phage P2z has an endo-rhamnosidase activity hydrolysing the ~-L-rhamnosyl linkage within the O-polysaccharide chain (Fig. 2) . The methyl ethers from the phage-degraded material were in accordance with the established structure. In Table z 2"4 C 56 44 o'79 * 2,3,4,6-Gal = 2,3,4,6-tetra-O-methyl-o-galactose. t z,4,6-Gal = 2,4,6-tri-O-methyl-o-galactose.
and in peak C an octasaccharide. Small amounts (< r % of oligosaccharides recovered) were found to elute after fraction C. The material, pooled from several experiments, was upon structural analysis found to be a tetrasaccharide with a galactosyl residue in the terminal non-reducing end (data not shown). Thus the smallest detectable structure released by the phage P22 endo-rhamnosidase was a tetrasaccharide. Assuming an O-polysaccharide chain in strain SH 48o9 with I2 repeating units the hydrolysis products should be first hepta-or unidecasaccharides (both from the terminal non-reducing end of the O chain, Fig. 2 ), and then intra-chain octa-and/or dodecasaccharides. The latter are in the majority.
Substrate specificity of phage P22 endo-rhamnosidase
The substrate specificity of the phage P22 endo-rhamnosidase was investigated by incubating the phage with different PS preparations (Table 3) . Oligosaccharides were released from all three Salmonella serogroup A, B and Dr LPS preparations. Thus the nature of the dideoxysugar linked to o-mannose did not influence the substrate specificity. The phage enzyme also hydrolysed the O polysaccharide chain whether it was in the form of the micellar aggregate in the phenol-water extracted LPS (particle weight > io G daltons), alkali-treated LPS and thus free of ester-linked fatty acids (particle weight ~ Io 5 daltons) or HOAc LPS free from lipid A (particle weight ~ ro 4 daltons). Acid treatment under conditions which removed the di-deoxysugar did, however, make the O polysaccharide chain resistant to the endo-rhamnosidase. Periodate oxidation of the LPS from S. typhimurium SH 48o9, which cleaves the C2-C3 bonds in the L-rhamnosyl residues, followed by borohydride reduction, also makes the substrate resistant to the P22 endo-rhamnosidase.
In the native LPS the D-galactosyl residue may be substituted either at 0-4 or 0-6 by C~-D-glucosyl groups, giving OI22 or O I antigenic specificity to the bacteria. The O r 22 antigen is form-variable, e.g. it is not expressed in all bacteria (M~ikel/i, I973). Thus, such LPS contain D-galactosyl residues both with and without the D-glucose substituent. The O t antigen is also form-variable and is found in bacteria lysogenized with the P22 phage (Zinder, I957; MfikelS., 1973) . Upon methylation analysis of the P22 hydrolysate from S. typhimurium 
L-Rhap ! -+ * Purified phage was mixed with the different polysaccharides at a ratio of ioo mg polysaccharide per 5 x io TM p.Lu. The mixture, contained in a dialysis bag, was diatysed against 2 x 5o0 ml 0"05 M-ammonium carbonate buffer, pH 7"I, for a total of 24 h. The pooled dialysis fluid was evaporated to dryness and the residue, after being dissolved in 2 ml of water, was assayed for carbohydrate content by the phenol-sulphuric acid method.
t + + + , More than 50 ~ of total hexoses released; + + , more than 30 ~ of total hexoses released; + , more than IO ~o ofAotal hexoses released; -, less than I ~ released.
~: Galactose glucosylated at 35 ~. s e n t i n g t e r m i n a l g a l a c t o s e g l u c o s y l a t e d at 0 -4 , i.e. O -a n t i g e n 122, w a s Phage P22 endo-rhamnosidase t r e a t m e n t t r e a t m e n t e.o. The specificity of the P22 endo-rhamnosidase was further tested by incubating the phage with LPS preparations from Shigelta [lexneri var. Y, Klebsiella pneumoniae O I z and capsular polysaccharides from K. pneumoniae K47 and K52. All these polysaccharides contain chain L-rhamnosyl residues. However, none of the preparations tested was hydrolysed by the P22 endo-rhamnosidase.
P22 tail mediated hydrolysis of O-chains make phage FO receptor accessible
The phage FO adsorbs to and lyses smooth and certain rough mutant strains of Salmonella The receptor for FO is found in the complete core of the Salmonella LPS. The presence of O-chains seems to interfere with the adsorption of FO, since the adsorption rate to rough mutants, or strains with an O-chain composed of one repeating unit only, is much higher than to smooth strains (Lindberg et al. I97O) .
The steric hindrance of the O-chain for the accessibility of the phage FO receptor was tested on a series of mutant strains of S. typhimurium named FO resistant (FOR) (MacPhee et al. 1975) . These strains contain the same amount of LPS as the parent strain and the number of repeating units as well as the structure of them is also the same as in the parent (Lindberg & Svensson, t975) . Recent data indicate that the FOR mutants (the defect affects biosynthesis of the core) have less than the normal number of completed core chains in the LPS (Hudson et al. t978) . Thus all core chains should be substituted by O-chains in FOR mutants, and are not accessible to the FO phage. Removal of O-chains by the P22 endorhamnosidase should make the FO receptor accessible. The effect of the endo-rhamnosidase was investigated using a purified P22 tail preparation in order to avoid any effect that might be caused by P22 lysogenization. The P22 tail treatment of FOR strains caused a marked increase in the efficiency of plating (e.o.p.) of FO, ranging from I3-to t89-fold (Table 4) .
Also for the FO indicator strain S. typhimurium SL ~027 a marked increase in e.o.p, was obtained after P22 tail treatment. These data support the theory that the O-polysaccharide chains can exert a steric hindrance for the access of phages to receptors located deeper in the outer membrane than the polysaccharide. It also demonstrates that the FO receptor is present in the FOR mutants but unattainable for the phage.
D I S C U S S I O N
The narrow host range of phage P22, which only attacks Salmonella strains belonging to serogroups A, B and DI, corresponds to the substrate specificity of the endo-rhamnosidase of the phage. Upon incubation of LPS or LPS fractions with phage P22, hydrolysis of the substrate was observed only with LPS from Salmonella serogroups A, B and D~ (Table 3) . These serogroups have in common the repeating unit -+ 2 D-Manp I ~ 4 L-Rhap I ~ 3 D-Galp ~ ~. The serogroups differ in the nature of the di-deoxysugar which is ~, 3 linked to the r)-mannosyl residue. Whether the dideoxysugar is paratose (serogroup A), abequose (serogroup B) or tyvelose (serogroup D ~) was apparently of minor importance since all three LPS were hydrolysed. Removal of the dideoxysugar by acid hydrolysis did, however, render the substrate resistant to the P22 endo-rhamnosidase. Periodate oxidation, which cleaves the C2-C3 linkages in the L-rhamnosyl residues, followed by borohydride reduction, also made the substrate resistant to the enzyme. Thus only the complete repeating unit structure satisfies the endo-rhamnosidase substrate specificity.
As evidenced by the hydrolysis experiments, substitution at 0-4 of the o-galactose with an ~-D-glucosyl group, as in the O-antigen i22 positive Salmonella typhimurium SH 43o5 LPS, was compatible with hydrolysis. However, substitution of o-galactose at 0-6 as in the O-factor I positive S. typhimurium SL 3622, made such L-rhamnosyl-~-t,3-D-galactosyl linkages unaccessible for the enzyme. This is also in accordance with the host range of P22 : O-antigen i22 positive strains are P22 sensitive, O-antigen I positive strains are not (M~kelfi, I973).
LPS or CPS from bacterial strains other than Salmonella serogroups A, B and D I were resistant to the P22 endo-rhamnosidase, although the partial structure -~ 4 L-Rhap I -~ 3 o-Galp I -~ found in Salmonella was present in two of the substrates investigated (Klebsiella K47 and K52 CPS).
Analyses of the hydrolysate obtained after phage P22-Salmonella typhimurium SH 48o9 LPS interaction revealed that hexadeca-, dodeca-and octasaccharides were the main endproducts (Fig. t) . Such a series of oligosaccharides was also found after phage 05 hydrolysis of Salmonella anatum LPS (Kanegasaki & Wright, 1973) .
A hexadecasaccharide corresponds to four repeating units. The average number of repeating units in the Salmonella typhimurium SH 4809 strain is 12. The LPS is, however, polydisperse and the number may vary from a few up to 3o. This means that the phage for infection of the cell may have to hydrolyse either one or several linkages in the O polysaccharide chain.
That enzymic hydrolysis of the O-antigen takes place in vivo was demonstrated in the experiments where purified P22 tail parts stripped off O polysaccharide from S. typhimurium FOR mutants (Table 4) .
The FOphage, the receptor of which is found in the complete core (Lindberg, I973) , .did not infect the FOR mutants before the P22 tail treatment. However, after such treatment the receptor had become accessible and all strains could be infected.
Our data on the substrate specificity of the P22 endo-rhamnosidase support the theory that initial binding specificity of the phage is equivalent with enzyme-O polysaccharide chain interaction (Lindberg, ~977) . This interaction is a prerequisite for the following events which lead to injection of the P22 DNA (Israel, I977 
